The effects of inducers of cytochrome P-450 on haem biosynthesis from 5-aminolaevulinate were examined by using cultured chick-embryo hepatocytes. Cultures treated with either 2-propyl-2-isopropylacetamide or 3-methylcholanthrene contained increased amounts of cytochrome P-450 and haem. After treatment for 3 h with 5-amino[4-'4Cqlaevulinate, the relative amounts of radioactivity accumulating as haem corresponded to the relative amounts of total cellular haem, but not to increases in the amounts of cytochrome P-450. Treatment with 5-aminolaevulinate did not alter cellular haem or cytochrome P-450 concentrations in either control or drug-treated cultures. The mechanism of the enhanced accumulation of radioactivity in haem was investigated. Although 2-propyl-2-isopropylacetamide enhanced the uptake of 5-aminolaevulinate and increased the cellular concentration of porphobilinogen 1.5-fold, these changes did not account for the increases in haem radioactivity. The inducing drugs had no effect on the rates of degradation of radioactive haem, but appeared to enhance conversion of protoporphyrin into haem. This latter effect was shown by: (1) a decreased accumulation of protoporphyrin from 5-amn$tw"vlinate iX cells treated with inducers, and (2) complete prevention of this decrease if the iron chelator desferrioxamine was present. We conclude that inducers of cytochrome P-450 may increase haem synthesis not only by increasing activity of 5-aminolaevulinate synthase, but also by increasing conversion of protoporphyrin into haem.
INTRODUCTION
A substantial proportion of newly synthesized hepatic haem is incorporated into cytochrome P-450 (Meyer & Schmid, 1978) . Many chemicals which induce cytochrome P-450 also induce 5-aminolaevulinate (ALA) synthase, the first and rate-controlling enzyme of the haem-biosynthetic pathway (for reviews, see De Matteis, 1978; Marks, 1978; . It has been assumed that increases in this enzyme result in increased production of haem for incorporation into newly synthesized induced apoprotein.
In preliminary studies we have found that, in chick hepatocyte cultures treated with inducers of cytochrome P-450, accumulation of radioactivity in haem from excess [14C] ALA was increased compared with control cultures. This was an unexpected result, since the excess [14C]ALA should have bypassed the rate-controlling step in the pathway and equal amounts of haem should have been synthesized. Therefore increased accumulation of radioactivity in haem in induced hepatocytes suggested that steps in the haem-synthetic pathway beyond ALA synthase might become rate-limiting under some conditions and be altered by inducing chemicals. The use of ALA loading to detect limiting steps in the haem pathway has been reported previously (Healey et al., 1981; Sinclair et al., 1983 Sinclair et al., , 1984 Sinclair et al., , 1986a Ferioli et al., 1984; Doss et al., 1985; ).
In the study reported here, we investigated whether the increased accumulation of radioactivity in haem in induced hepatocyte cultures was due to increases in ALA uptake, to increases in synthetic steps of the pathway beyond ALA synthase, or to decreases in degradation of newly synthesized radioactive haem. We found that changes in ALA uptake and rates of haem breakdown could not account for our findings. Instead, we found that drug treatments increased the rates of conversion of [4-14C] ALA into haem. Measurement of PBG and porphyrin accumulation in the absence and presence of the iron chelator desferrioxamine indicated that the increases occurred at the final step of haem biosynthesis, namely the conversion of protoporphyrin into haem.
MATERIALS AND METHODS Hepatocyte cultures and cytochromes P450 induction
Primary cultures from 16-day-old White Leghorn chick embryos were prepared as previously described . For the initial 18 h in culture, cells were maintained in Williams E medium (GIBCO, Grand Island, NY, U.S.A.), to which was added 1 jug of insulin (Sigma, St. Louis, MO, U.S.A.)/ml, 1 jug of tri-iodothyronine (Sigma)/ml, and 0.3 ,ug of dexamethasone (Organon, West Orange, NJ, U.S.A.)/ml. Cells were then maintained in Williams E medium containing tri-iodothyronine and dexamethasone, but no insulin. Culture plates (6 cm diameter) were inoculated with 1.4 x 107 cells containing 1. Grandchamp et al. (1980) . Cells were harvested in 2.3 MHCl04/methanol/water (1: 1: 2, by vol), mixed, and the porphyrins measured in the supernatant after centrifugation (250 g for 5 min). Cells and medium together or medium alone were mixed with an equal volume of 2.3 M-HClO4/methanol (1:1, v/v), centrifuged and the porphyrins analysed. Cytochrome P-450 concentrations were determined in 8700 g supernatants of detergentsolubilized homogenates as previously described . Proteins were determined by the method of Lowry et al. (1951) , with bovine serum albumin as standard.
Radiolabelied ALA experiments Cells were exposed to either [4-14C]ALA (52 mCi/ mmol) (New England Nuclear, Boston, MA, U.S.A.) or [2,3-3H]ALA (60 Ci/mmol) (Research Products International, Mount Prospect, IL, U.S.A.) for the times indicated in the Figure legends. Unlabelled ALA was added with the labelled ALA to achieve the final concentrations indicated. For assessment of short-term ALA uptake, cells were exposed to the label for various periods of time, after which they were quickly rinsed four times with cold 0.15 M-NaCl to remove the remaining radioactivity in the medium and the cells were scraped with a rubber policeman into 1 ml of water, which was then transferred into scintillation-counting fluid (Aquasol; New England Nuclear).
To determine the radioactivity in haem, haem was extracted by.using a modification of the method of Healey et al. (1981) , as follows. After removing the medium, the cell monolayer was rinsed once with 0.15 MNaCl, and the haem extracted with acetone/conc. HCl/water/human erythrocyte lysate containing 1.2 mMhaem (25:1.3 :4: 1, by vol.). A 1.5 ml portion ofextracting solution was used for the 3.5 cm-diameter plates and 2 ml for the 6 cm-diameter plates. After the extracts were transferred into glass scintillation vials, the haem was taken into diethyl ether (5 ml) and washed twice with 2 ml of 2 M-HCI to remove porphyrins and ALA. The diethyl ether was evaporated, and radioactivity in haem determined. The recovery of haem from the cell monolayers was 89 + 7 % (mean + S.D., n = 6), and the validity of this method of haem extraction has recently been confirmed by h.p.l.c. analysis . Radioactivity was determined in a Packard 3255 scintillation counter and converted to d.p.m. by using internal standardization.
All experiments were carried out at least twice. When duplicate culture plates were used, only those experiments whose values differed by < 10 % were accepted. When triplicate plates or more were used, significant differences (P values < 0.05) were determined by using Student's t-test (for two groups) or analysis ofvariance (for three or more groups). To determine significant changes in values which represent differences between the means of two groups, the standard error of the difference of the means was calculated and an approximate t test applied according to Satterwhaitte's Approximation (Snedecor & Cochran, 1980) .
RESULTS
Cellular haem content of hepatocytes theated with PIA and 3-MC and effects of exogenous ALA exposure PIA and 3-MC induce different isoenzymes of cytochrome P-450 in cultured chick-embryo hepatocytes (Sinclair et al., 1986b) . As shown in Table 1 , induction of cytochrome P-450 by PIA was associated with a 1.7-fold increase (P < 0.001) in total cellular haem, and induction by 3-MC was associated with a 1.2-fold increase in haem (P = 0.028). The increases in total cytochromes P-450 content of these cultures were 3.3-3.8-fold with PIA and 2.3-2.7-fold with 3-MC. In the control cultures, the amount of haem in cytochromes P-450 represented only 21 % of total haem. But with PIA and 3-MC treatment, the haem associated with cytochromes P-450 increased to 41 and 43 % of the total haem. As shown in the third column of Table 1 , PIA treatment also increased the amount of non-cytochrome P-450 haem by almost 23 % (P = 0.05 for cells not treated with ALA and P = 0.01 for cells treated with ALA), whereas treatment with 3-MC did not. Adding 34 sM-ALA (or 150 4uM-ALA; results not shown) to the cultures for 3 h did not alter the haem or cytochrome P-450 levels in the cells. Accumulation of radiolabelied ALA in haem in cells treated with PIA and 3-MC As shown in Fig. 1 , when the chemically induced cultured hepatocytes were exposed to radiolabelled ALA, radioactivity in haem was increased at 1, 3 and 6 h. The increases in accumulations of radiolabel in haem were similar to the increases in amounts of total cellular haem (i.e. in this experiment there were 2.3-2.4-fold increases in both haem radioactivity and total haem content in the PIA-treated cells 3 h after ALA exposure and 1.4-1.6-fold increases in these values in the 3-MCtreated cells). However, the increases in accumulation of * The 'non-cytochrome P-450 haem' is the difference between the means in columns I and 2, and the standard error of the difference of the means (Snedecor & Cochran, 1980 ) is shown. Vol. 248 radioactivity in haem in the induced hepatocytes were less than the increases in cytochromes P-450. Effect of exogenous ALA concentration on radiolabelled ALA conversion into haem PIA treatment of cultured chick hepatocytes increases activity of ALA synthase (Shedlofsky et al., 1983) , leading to increases in pools of unlabelled ALA and haem presursors which would dilute radiolabelled-haemprecursor pools after exposure to [14C]ALA. It was therefore important to determine whether changing the exogenous ALA concentration would affect the accumulations of the radiolabel in haem. As shown in Table 2 , when concentrations of exogenous ALA of less than 18 4M were used, no increase in radiolabel accumulation in haem in the induced cells occurred. With 0.013 3LM-ALA there was even less radiolabel found in the haem of PIA-treated cells than in that of control cells, and the specific radioactivity of the haem was less than 50 % of the control value. In cells exposed to 1.4 or 2.3 ,uM-ALA, the specific radioactivities of the haem in the treated cells were still less than the control values. These findings most likely resulted from dilution of the exogenous radiolabel by endogenous unlabelled haem-precursor pools, but might also be due to some other effect of maintaining less-than-maximal substrate concentrations along the pathway and converting fewer total equivalents of the [14C]ALA into haem. By using an ALA concentration of 18 /M or more, however, effects of dilution and low substrate concentration apparently were overcome, and the increased accumulations of radiolabel in haem in the treated cells were the same as the increases in total cellular haem. At 18 /SM-and 34 tM-ALA, the specific radioactivities of the haem in control and induced hepatocytes became identical (Table 2) .
Having demonstrated that cytochrome P-450 inductions are associated with increases in both total hepatocyte haem and accumulation of radiolabel in haem from
[14C]ALA, we next investigated the possible reasons for this latter effect. Since the accumulation of radiolabel in haem is a function of several factors, including the cellular uptake of the ALA, its conversion into haem, and the stability of the-labelled haem, we studied the effects of the two chemical inducers on each of these processes.
Effects of PIA and 3-MC treatment upon uptake of exogenous ALA With a concentration of 34/ M radiolabelled ALA the effects of PIA and 3-MC on the initial uptake of the radiolabel were investigated. As shown in Fig. 2 , there was linear uptake of the radiolabel for 20 min in all cultures, with some decline in the rate of uptake at 30 min, similar to the findings of Istaels et al. (1974) in chick hepatocyte suspensions. Pretreatment with 3-MC had no effect on this initial uptake, but treatment of cells with PIA increased the rate of ALA uptake by 50 % over that of the control and 3-MC-treated cells. This increased uptake was also seen at ALA concentrations of 0.04, 1.6 and 150 /lM (results not shown). With 34/M-ALA, by 30 min, the proportion of the exogenous ALA taken up by the cells was 0.54, 0.86 and 0.54 % for the control, PIA-treated and 3-MC-treated cells respectively, so that exogenous ALA concentrations were not affected during the experiment.
PBG accumulations in control and induced hepatocytes
Since the exogenous ALA taken up would be converted into PBG, the next intermediate in the haem pathway, we analysed the effects of both PIA and 3-MC treatment on PBG levels to see if alterations in PBG formation and/ or accumulation might explain the increase in radioactive haem accumulations. PBG was measured in cells and in the overlying medium for 3 h after exposure to 34/SM-ALA (Fig. 3) . PBG could not be detected in cells or medium without added ALA, nor could PBG be detected in the medium until 2 h after ALA addition. Although cellular PBG and total PBG in the culture increased with time, the increases in cellular PBG were not linear, and by 2 h at least 14-22 % of the PBG was found in the medium.
From 30 min to 3 h after ALA exposure, the amount of PBG in PIA-treated cultures was 30 % higher than in the control and 3-MC-treated cultures, a finding which agrees with the increased [14C]ALA uptake seen in the PIA-treated cells (Fig. 2) . Table 3 shows that increasing the ALA concentration from 34 to 150 FM approximately doubled total PBG concentrations in control and induced cultures. Porphyrin accumulations in control and induced hepatocytes To assess the next intermediates in the haem pathway, porphyrins were analysed in cultures after ALA exposure. The amounts of total porphyrin which accumulated in control and treated cultures in 3 h are shown in Table 3 . Increasing the exogenous ALA from 34 to 150 FM did not change the amounts of porphyrins. This finding confirms that 34 FM-ALA led to accumulation of cellular PBG to concentrations above the Km of PBG deaminase, thereby providing for maximal rates of porphyrin and haem synthesis.
Table 3 also shows that both PIA and 3-MC treatment substantially lowered the amounts of porphyrins which accumulated after 3 h. Shown in Fig. 4 are the time courses of accumulation of each of the individual porphyrin types in control, PIA-treated and 3-MCtreated cultures. These patterns of porphyrin accumulation indicate that the decreases in total porphyrins found in the induced cultures (Table 3) are due to decreases in protoporphyrin accumulation, especially marked with PIA treatment, a phenomenon which has been noted previously in chick hepatocytes (Ferioli et al., 1984; . Also shown in Fig. 4 is an increase in the amounts of uroporphyrin, which accumulated with both inducers, as reported previously with various inducers of cytochrome P-450 (de Verneuil et al., 1983; Marks et al., 1983; Ferioli et al., 1984; Sinclair et al., 1986a) .
To see whether the same amount of protoporphyrin would accumulate in induced cultures as in control cultures if conversion of the protoporphyrin to haem was blocked, the iron chelator desferrioxamine was added, together with the exogenous ALA. As shown in Fig. 5 , when cultures were also exposed to 178 FM-desferrioxamine, the PIA-and 3-MC-treated cells accumulated the same amount of protoporphyrin as control cells. However, desferrioxamine did not affect the increased for 20 h and then exposed to 34,uM-ALA in the culture medium. At the times indicated, cellular and medium PBG levels were Vol. 248 ALA. Therefore 1.6 /ZM-[14C]ALA was used for haem labelling. As shown in Fig. 6 , the rates of radiolabelled haem loss between 30 min and 3 h after stopping label incorporation into haem were first-order and virtually identical for both control and induced cells. Since only 1.6 1uM exogenous [14C]ALA was used in this experiment, the specific radioactivities of the haem in PIA-and 3-MC-treated cells were only approx. 45 and 76 % of the specific radioactivity of the haem in control cells (see Table 2 ; specific-radioactivity values for the 1.4 /LM-[14C]ALA). Therefore the absolute rates of haem degradation (pmol/h) in the PIA-and 3-MC-treated cells were actually 2.6-fold and 1.6-fold that of the control respectively. Clearly haem degradation was not less in the induced cells, and decreased haem degradation could not account for the increased radiolabelled haem accumulation seen with cytochrome P-450 inductions.
DISCUSSION
The results of the present study show that treatment of chick-embryo hepatocyte cultures with PIA or 3-MC, Cells in 1 cm-diameter wells were treated and analysed as described in Fig. 4 , except that the iron chelator desferrioxamine (178 /tM) was added with the ALA. two chemicals that induce different forms of cytochrome P-450 (Althaus et at., 1979; Sinclair et al., 1979; Sinclair et al., 1986b) , both increased the accumulations of radioactivity from [14C]ALA in haem (Fig. 1) . The increased accumulations of radioactivity were in association with increases in the concentrations of total cellular haem and cytochrome P-450 haem (Table 1) . For most of our experiments we used a sufficiently high dose of exogenous ALA to 'swamp' any endogenous haemprecursor pools that would complicate data interpretation and, by so doing, assured maximal saturation of the haem pathway with substrate (Table 2) . We considered three possible explanations for the increased labelling of haem from [14C]ALA in the drug-treated cultures, namely that drug treatments (1) increased cellular uptake of ALA, (2) increased conversion of ALA into haem, and/or (3) decreased the rate of haem breakdown. We now consider the evidence for and against each of these possibilities.
(1) Drug treatments increase cellular uptake of ALA As shown in Fig. 2 , the initial rate of uptake of [14C]-ALA by cultures treated with PIA was greater than the uptake by control or 3-MC-treated cultures. Since 3-MC treatment produced increased haem labelling without increasing ALA uptake, it seems that changes in ALA uptake alone cannot account for our findings. However, the greater increase in cellular ALA uptake produced by PIA than by 3-MC might help to account for the greater haem labelling at high concentrations of ALA in the PIA-treated than in the control or 3-MC-treated cultures (Fig. 1) . To play a rate-controlling role, however, ALA uptake would need to be the rate-limiting step in the pathway from exogenous ALA to cellular haem. The data of Table 3 and Figs. [3] [4] [5] show that the rate of conversion of PBG into porphyrinogens (or porphyrins) is the rate-limiting step, since large quantities of PBG accumulate, with or without treatment with PIA or 3-MC. The conclusion that PBG deaminase activity is ratelimiting for conversion of ALA into porphyrins and haem is in agreement with our studies (Healey et al., 1981) and those of others (Doss et al., 1985) (2) Drug treatments increase the rate of conversion of ALA into haem For the reasons just described, this possible explanation can be thought of as an increased rate of PBG conversion into haem. The effect of the drug treatments to decrease porphyrin accumulations (Table 3 and Fig. 4 ) might at first suggest that there was decreased conversion of PBG into haem, particularly with PIA treatment. However, in the presence of desferrioxamine, a chelator of Fe3" that blocks conversion of protoporphyrin to haem, the rates of accumulation of protoporphyrin became the same for both control and drug-treated hepatocytes (Fig. 5) . In spite of the increased accumulation of uroporphyrin in the drug-treated cells, finding nearly-equal amounts of protoporphyrin in control and drug-treated cells in the presence of desferrioxamine indicates that the drug treatments did not substantially impede the conversion of ALA or PBG into protoporphyrin. The lower accumulations of protoporphyrin in the drug-treated (especially the PIA-treated) cultures in the absence of desferrioxamine must therefore be the result of increased conversion of protoporphyrin into haem.
The increase in uroporphyrin accumulation observed in PIA-and 3-MC-treated cultures (Figs. 4 and 5) agrees with previous observations (Marks et al., 1983; de Verneuil et al., 1983; Ferioli et al., 1984; Sinclair et al., 1986; ). This accumulation occurs despite the increases in the amounts of cellular haem (Table 1) , and therefore could not represent a substantial inhibition of the haem pathway at uroporphyrinogen decarboxylase. The increased accumulation of uroporphyrin is perhaps due to the oxidation of uroporphyrinogen, the substrate of uroporphyrinogen decarboxylase, to uroporphyrin, which is not a substrate for the decarboxylase. Other data, previously discussed (3) Drug treatments decrease the rate of haem catabolism In addition to an increased conversion of protoporphyrin to haem, drug treatments might have also decreased the rate of haem breakdown. However, as shown in Fig. 6 , during the first 3 h after the labelling period, the rates of loss of radioactivity from haem were first-order and the same for control and drug-treated hepatocytes. Since drug-treated cultures contained more haem than did control cultures (Table 1) , these results imply that the total amounts of haem degraded in drugtreated cultures were greater than in controls. From the data in Fig. 6 and the haem specific radioactivities for 1.4 tM-[14C]ALA in Table 2 , the absolute rates of haem breakdown are calculated to be 36, 94 and 56 pmol of haem/h per mg of protein for the control, PIA-treated and 3-MC-treated cultures respectively. We can therefore conclude that the increase in radioactivity in haem produced by drug treatments cannot be ascribed to a decrease in the fractional or absolute rates of haem catabolism.
Thus our results establish that, in addition to several other previously described effects of PIA and 3-MC on cultured chick hepatocytes, these drugs also increase the rate of haem formation from protoporphyrin in the intact cells. This mechanism of increased haem formation is likely to be important for increasing haem synthesis during cytochrome P-450 inductions. This last point is strengthened by our previous finding that 3-MC does not increase ALA synthase activity in cultured chick hepatocytes (Shedlofsky et al., 1984) , even though the present study demonstrates increased cellular haem content after 3-MC treatment. Perhaps PIA and 3-MC increase the activity of ferrochelatase, as has been reported for phenobarbital-treated rats (Hasegawa et al., 1970) and isolated rat hepatocytes (Canepa et al., 1984) , or perhaps they increase availability of Fe2" at the mitochondrial site of ferrochelatase action.
